Drift and thermal instability present significant limitations to atomic force microscopy and other cantilever-based sensor measurements. Most drift has been attributed to the asymmetric geometry of the cantilever, which acts as a chemical and thermal bimorphs. For example, cantilevers drift hundreds of nanometers upon immersion in water. The time course of drift is roughly exponential with a time constant of ϳ70 min. Symmetrically supported torsion cantilevers significantly reduce this drift. Prototypical torsion levers have long-term drift of 1.0± 0.36 Å / min, more than an order of magnitude smaller than commercial cantilevers. These torsion levers also have extraordinarily high thermal stability. In response to a 20°C change in bath temperature, they move an average of 15± 11 nm, whereas traditional levers deflect by Ͼ1 m. The sensor of the atomic force microscope 1 ͑AFM͒ is a small cantilever made of silicon or silicon nitride and shaped as a beam or a triangle. 2 The cantilever is mounted on a mechanical translation device to permit its movement in three dimensions. Virtually all AFMs use piezoelectric ͑PZT͒ devices for cantilever translation. Typically, a laser beam is reflected off of the free end of the cantilever to form an optical lever. 3 As the cantilever tip interacts with the sample, the front end of the cantilever deflects and the movement of the laser beam represents deflection of the free end of the cantilever. The AFM has found widespread use because of its sensitivity 4 and adaptability to diverse environments, 5 especially to the salt solutions essential for experiments in biology. 5, 6 However, drift and thermal sensitivity plague long-term AFM experiments [7] [8] [9] and experiments that require variation of the bath solution temperature. 10, 11 The source of the drift has been ascribed to several mechanisms: the instrument itself ͑laser, optics, electronics, and mechanics͒, 12 the probe ͑i.e., the cantilever͒, 13 or the sample. 14 Sample drift is arguably part of the signal and cannot be eliminated with improvements to the AFM. Furthermore, its contribution can be eliminated by the simple expedient of suspending the probe tip above a surface so as to not contact any sample, as is the case when the cantilever is used as a chemical sensor. 15 Significant drift remains, which can only arise in the optical lever components ͑laser, photodetector, probe support, or optics͒ or the cantilever. Instrumental drift of the PZT, sample, and optical lever may be reduced either by referencing 14 measurements with respect to the substrate or by using various forms of feedback. 16 However, feedback always increases noise and is not an acceptable solution for low noise recordings.
Since traditional levers are geometrically and chemically asymmetric, they are chemical and thermal bimorphs. We contend that the dominant source of drift is the cantilever itself and that the greatest reduction in drift can only be obtained by means of different cantilever designs. Studies show that much of the drift seen with commercial cantilevers results from an asymmetric distribution of surface stress, 17, 18 charge, 19 and temperature. 7, 20 We have designed and fabricated symmetrically supported torsion levers that significantly reduce drift, supporting the contention that asymmetry is the principal source of drift. 21 These levers are also physically small thereby minimizing viscous drag and improving force resolution in fluids 21 ͑Fig. 1͒. The moving part of our lever is a rigid silicon pad, sized to match the laser spot size requirements of most commercial AFMs. These rigid pads are suspended by soft silicon nitride ͑SiN͒ torsion hinges from 200 m long rigid Si arms that move the pad and hinges far from the die. A thin layer ͑ϳ50 nm͒ of gold ͑Au͒ evaporated onto the pad increases reflectivity to ϳ90%. Since the net probe compliance is a cubic function of hinge thickness, we made hinges of only 50-100 nm thick. This results in spring constants as small as 0.001 N / m, softer than any commercial cantilevers.
All experiments were performed on a Quesant Nomad AFM ͑Quesant Instrument Corporation, Santa Cruz, CA͒. The Nomad is a compact moving cantilever instrument with optical lever detection ͑laser = 670 nm, P =5 mW͒ and a cylindrical PZT for positioning. We have modified the instrument to be more "biologically friendly," changing the cantilever support to utilize acrylic optics. 22 Cantilever chips were attached to the scan head with a rapid setting surgical silicon adhesive. The AFM and sample bath ͑1 ml͒ was placed on an inverted optical microscope. In our thermal experiments, we used a thermometer to track the temperature of the bulk solutions ͑±1°C͒, but we did not explicitly monitor the temperature of the bath solutions following the solution exchange which was achieved in a single step. The AFM was operated using modified Quesant software, and data were collected and filtered using QUB software. 23 Data fitting was performed with ORIGIN ͑OriginLab, Northampton, MA͒ using built-in exponential functions.
The commercial cantilevers were Veeco microlever C ͑k = 0.01 N / m, f 0,air ϳ 7 kHz, and f 0,water ϳ 0.3 kHz͒ ͑MLCT Microlever probes, Veeco Instruments, Woodbury, NY͒. Torsion lever characteristics were k = 0.01 N / m, f 0,air ϳ 21 kHz, and f 0,water ϳ 12 kHz. Torsion cantilever fabrication is described in detail elsewhere. 21 For each lever we calibrated the photodetector ͑PDT͒ using a force-distance routine on glass and used this calibration factor to convert detector voltage to probe movement.
In a typical experiment, we immersed the cantilever in room-temperature ͑RT͒ water and followed the subsequent deflection ͑⌬͓T − B͔͒. There was a continuous and significant drift ͑ϳ2 nm/ min͒, extending for several hours ͑Fig. 2, blue͒. The time course closely fits an exponential with an average time constant of = 69± 34 min ͑n =5, R = 0.96͒. The drift magnitude was highly variable, preventing accurate systematic compensation in open loop. 17 Since the cantilever was freely suspended, the drift could have been due only to bending of the cantilever and/or the optical components. We ruled out laser heating of the cantilever and bath by switching off the laser between measurements. We believe that most of the drift arises from asymmetric stresses in the cantilever that cause bending. Torsion levers, however, are symmetric relative to the bending axis, and this symmetry has an enormous effect on reducing drift. A typical response is shown in Fig. 2 ͑red trace͒. Compared to the Veeco cantilever, the long-term drift was reduced more than tenfold, to 1.0± 0.36 Å / min ͑n =5͒. Since the optics were the same for both types of cantilever, we conclude that the long-term drift of the asymmetric cantilever must be due to the instabilities in the cantilever itself and that instrumental factors account for only a small portion of the long term drift ͑Ͻ0.1 nm/ min͒.
Torsion levers are especially well suited to experiments that involve temperature changes. The asymmetric cantilevers show large deflections after changing the bath temperature ͑Ͼ1 m/20°C, Ͻ20 ms͒ ͑Fig. 3, blue͒. Under the same conditions, the torsion cantilevers are significantly more stable ͑Fig. 3, red͒. We noted a slight shift in the baseline of the torsion lever ͑z avg = 15± 11 nm, n =4͒ upon exchange of the bath solution. The shift is faster than the recording bandwidth ͑ =20 ms͒ and the lever relaxed back to baseline during subsequent cooling to ambient. The origin of the shift could reflect thermal changes in the index of refraction of the water or the plastic cantilever support or mechanical drift of the holder or parts of the probe. In a separate set of experiments, we monitored drift of the supporting arms during several bath exchanges. We did not observe a deflection upon changing the bath temperature change ͑data not shown͒ so the shift must arise in the cantilever itself, probably due to thermal expansion and contraction of the hinges resulting in a slight change in position of the torsion pad.
Our results agree with other published studies suggesting that cantilevers are the primary source of drift in AFM. Sym- metrically supported torsion levers remove most of that drift without the need for feedback and the associated noise and inconvenience. The remaining drift of the torsion levers can be eliminated by using differential probes to simultaneously track the substrate and sample position. 14 We have made torsion probes with two orthogonal axes that permit such a self-referenced measurements on a standard AFM. 21 Fabrication work was done at the Cornell NanoScale Facility, Ithaca, NY. The authors would like to thank Dr. Steven R. Besch for the enlightening discussions and critical reading of the manuscript. 
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